The xylem exudates of soybean (Glycine max cv Williams), provided with fixed N, were characterized as to their organic constituents and in vivo and in vitro complexation of plutonium, iron, cadmium, and nickel. Ion exchange fractionation of whole exudates into their compound classes (organic acid, neutral, amino acid, and polyphosphate), followed by thinlayer electrophoresis, permitted evaluation of the types of ligands which stabilize each element. The polyvalent elements plutonium(IV) and iron(III) are found primarily as organic acid complexes, while the divalent elements nickel(II) and cadmium(II) are associated primarily with components of the amino acid/peptide fraction. For plutonium and cadmium, it was not possible to fully duplicate complexes formed in vivo by back reaction with whole exudates or individual class fractions, indicating the possible importance of plant induction processes, reaction kinetics, and/or the formation of mixed ligand complexes. The number and distribution of specific iron-and nickel-containing complexes varies with plant age and appears to be related to the relative concentration of organic acids and amino acids/peptides being produced and transported in the xylem as the plant matures.
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complexed forms in xylem exudates (1, 12) , as do Mn and Zn in phloem exudates (15) . Recently, xylem exudates have received increased attention in studies on the role of organic complexation in chemical stabilization and subsequent availability to animals of potentially toxic elements (3, 19) . The importance of complexation in plant transport process became known with the work of Tiffin (13) on Fe complexes in exudates. However, more recent studies have addressed the behavior of pollutant elements, such as Pu, Ni, and Cd, in plant exudates (4, 6, 10) , and the composition and role of xylem exudate constituents in cation complexation (17) (18) (19) . These studies have shown that a wide range of cations, even the most insoluble polyvalent element species such as Pu and Fe, are soluble and mobile in plant transport fluids, primarily as organically complexed species. Also, many nutrient and nonnutrient cations extracted from plant tissues (leaves, roots, and seeds) are soluble and associated with organic ligands of varying mol w (2, 5-7, 9, 10-12, 14, 16) . This cation mobility and solubility would suggest that plant-produced organic ligands are important in the transfer of potentially toxic elements from plants to consuming animals.
The objectives of this study were to characterize the major organic constituents of soybean xylem exudates, and to evaluate the in vivo and in vitro interactions and complexation of plutonium, iron, nickel, and cadmium with these constituents.
Terrestrial plants, via food webs, represent an important link between their environment and man. As such, plants can represent a significant source of potentially toxic elements. While a substantial effort has been expended over the past 40 years to evaluate and quantify the transfer of toxic elements from soils to plants, comparatively little research has been conducted on the physiological controls which influence uptake, transport, and most important, the chemical form of elements in plants (3 (8) . The neutral fraction, which was washed through both columns with 20 ml of water, contained mainly neutral carbohydrates. The basic fraction, consisting mainly of amino acids, was eluted from the cation resin with 20 to 30 ml 2 N NH40H.
Under these conditions, metals are stripped from associated ligands and not eluted from the resin. The weakly acidic fraction, consisting of organic acids and sugar phosphates, was eluted from the anion resin with 20 to 30 ml 6 N formic acid; this was followed by elution with 2 N HCl to recover the strongly acidic fraction containing sugar diphosphates and other polyphosphates. Each of these fractions was freeze-dried to remove volatile eluents, and reconstituted to their original volumes with water (1-2 ml) for evaluation of complexation or for organic analysis. The HCl fraction was neutralized with NH40H following drying and then redried.
Only the organic acid and amino acid fractions were further characterized. Organic acids were separated by HPLC using a HPX-87H column (Bio-Rad Corp.) and run isocratically at 45°C, with 0.006 N H2SO4 as the mobile phase and a flow rate of 0.5 ml/min. Detection, identification, and quantitation of specific acids were based on UV absorbance at 210 nm and the refractive index, against standards. Amino acids were analyzed with a Glenco model MM amino acid analyzer operated in the physiological fluid mode, using lithium citrate Pico-Buffer System IV (Pierce Chemical Co.) and standard ninhydrin post-column derivatization. Identification and quantification were based on retention time, absorbance, and 440/570 nm absorbance ratios.
Electrophoresis was performed by spotting 10 to 20 ,ul of sample onto Brinkmann MN 300, 20 x 20 cm x 0.1 mm, cellulose plates (Brinkmann Instruments). Separations were performed with a 0.1 M HEPES buffer (pH 7.5); potential was held constant at 400 V for 30 min. Use of slightly basic pH, relative to the exudates, results in a disassociation of weaker complexes and subsequent sorption to the cellulose, thus permitting separation of only more stable complexes. Components were visualized by autoradiography.
The analysis of trace metals in selected exudates and fractions was performed on a Jarrell Ash model 975 inductively coupled plasma spectrometer. Detection limits are provided in Table III Characterization of the amino acid fraction resulted in identification of 20 amino acid components, which accounted for 84% (by calculation) of the OC in this fraction (Table II) the in vivo system. The formation of the cationic component is not observed in any of the in vitro amendments, and may represent a mixed ligand, possibly formed prior to loading into the xylem. The amino acid, neutral (sugar), and polyphosphate fractions appear to have no complexation capacity for Pu, with only hydrolyzed or neutral species of Pu appearing at the origin. Iron (Fe3+) has been shown to be transported in the xylem of a number of plant species as the citrate complex (12, 13) . Iron is also prone to hydrolysis and remains at the origin in the absence of complexing ligands (track 6). Analysis of in vivo exudates show Fe3 + to be associated with three anionic components (track 7, components a, b, and c). In our electrophoresis system, Fe3+ amended to whole exudates is associated with four anionic com- Ni complexes, formed in vivo, include three anionic species (track 7, a, b, and c) and a single cationic component (f). In amended whole exudates (track 1), Ni is associated with three anionic (a, b, and c) and one cationic component (f). One of these anionic components (b) contains an amino acid ligand, and one (a) contains an organic acid ligand. Anionic component (c) found in amended whole exudates is not found in any of the class fractions, and occurs only on occasion in in vivo exudates of this age plant. The second in vitro anionic component (b) associated with whole exudates and the amino acid fraction (tracks 1 and 2), generally appears as the major Ni-containing component in in vivo exudates. The presence of anionic organic acid-containing component (a), observed in the in vitro whole exudates, is plantage dependent and appears as the concentration of organic acids in exudates increases and the amino acids decrease (Fig. 1) .
The cationic component (f) observed in whole exudates is seen in both the amino acid and organic acid fractions. However, the (Fig. 1) . This could affect the chemical forms of cations in exudates. To investigate this aspect of the complexation process, whole exudates were collected from soybean plants ranging from 17 to 100 d old. These were amended with either 0.05 gM 63Ni or 0.25 ,uM 59Fe, and changes in complexing components determined with plant age. The complexation patterns for Ni (Fig. 4) (Fig. 4) . All components resolved were either anionic or neutral. Iron amended at 0.25 gM, in the presence of 100 mm citric acid, was found to exhibit a mobility similar to component a (Fig. 4) and/or easily hydrolyzed elements is required for the transport of a complex mixture of inorganic elements from root to shoot. Each of the cations (Pu, Fe, Cd, and Ni) studied exist partially or totally as organic complexes in in vivo exudates. Many of these complexed forms can be formed in vitro using whole exudates amended with individual inorganic species. Based on class fractionation of whole exudates, Pu and Fe appear to be present primarily as organic acid complexes, and may represent a common method in plants for chemically stabilizing polyvalent cations in transit within the xylem. Nickel species were found to be associated with several ligands; these included organic acid and amino acid/peptide complexes. The behavior of Cd differed from that of the other divalent cations studied, in that the in vivo complexation pattern could not be formed in vitro. This would suggest that the transport form of Cd is either a mixed ligand, not readily formed in vitro, or that the complex is formed prior to loading into the xylem. It has been shown that the relative composition of exudates, with respect to the concentration of organic acids, amino acids, sugars, and inorganic ions, changes with plant age. Thus, it is not surprising that there is a quantitative and qualitative change in observed metal-ligand complexes as the plant matures and approaches senescence. The metalligand complexes resolved for Ni and Fe reflect the changing organic class fraction composition of exudates as the plant matures, and undoubtedly is affected both by the affinity and stability of transport ligands for the individual metals.
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